Streptococcus pneumoniae is an important bacterial pathogen that causes a range of noninvasive and invasive diseases. The mechanisms underlying variability in the ability of S. pneumoniae to transition from nasopharyngeal colonization to disease-causing pathogen are not well defined. Mucosal-associated invariant T (MAIT) cells are prevalent in mucosal tissues such as the airways and are believed to play an important role in the early response to infection with bacterial pathogens. The ability of MAIT cells to recognize and contain infection with S. pneumoniae is not known. In the present study, we analyzed MAIT-cell responses to infection with clinical isolates of S. pneumoniae serotype 19A, a serotype linked to invasive pneumococcal disease. We found that although MAIT cells were capable of responding to human dendritic and airway epithelial cells infected with S. pneumoniae, the magnitude of response to different serotype 19A isolates was determined by genetic differences in the expression of the riboflavin biosynthesis pathway. MAIT-cell release of cytokines correlated with differences in the ability of MAIT cells to respond to and control S. pneumoniae in vitro and in vivo in a mouse challenge model. Together, these results demonstrate first that there are genetic differences in riboflavin metabolism among clinical isolates of the same serotype and second that these likely determine MAIT-cell function in response to infection with S. pneumoniae. These differences are critical when considering the role that MAIT cells play in early responses to pneumococcal infection and determining whether invasive disease will develop.
Streptococcus pneumoniae is an important bacterial pathogen that causes a range of noninvasive and invasive diseases. The mechanisms underlying variability in the ability of S. pneumoniae to transition from nasopharyngeal colonization to disease-causing pathogen are not well defined. Mucosal-associated invariant T (MAIT) cells are prevalent in mucosal tissues such as the airways and are believed to play an important role in the early response to infection with bacterial pathogens. The ability of MAIT cells to recognize and contain infection with S. pneumoniae is not known. In the present study, we analyzed MAIT-cell responses to infection with clinical isolates of S. pneumoniae serotype 19A, a serotype linked to invasive pneumococcal disease. We found that although MAIT cells were capable of responding to human dendritic and airway epithelial cells infected with S. pneumoniae, the magnitude of response to different serotype 19A isolates was determined by genetic differences in the expression of the riboflavin biosynthesis pathway. MAIT-cell release of cytokines correlated with differences in the ability of MAIT cells to respond to and control S. pneumoniae in vitro and in vivo in a mouse challenge model. Together, these results demonstrate first that there are genetic differences in riboflavin metabolism among clinical isolates of the same serotype and second that these likely determine MAIT-cell function in response to infection with S. pneumoniae. These differences are critical when considering the role that MAIT cells play in early responses to pneumococcal infection and determining whether invasive disease will develop.
Streptococcus pneumoniae is the most common bacterial cause of communityacquired pneumonia (1) . Despite the use of multivalent capsular polysaccharide conjugate vaccines, there are individuals who remain at risk for disease and increasing incidence of disease caused by nonvaccine serotypes (2, 3) . In addition, there is considerable variation in the ability of isolates of S. pneumoniae to cause invasive disease, which is not fully explained by differences in capsular protein expression (4) . These factors underscore the need to better understand cellular responses induced by infection with S. pneumoniae.
CD8
1 T cells are important contributors to host defense against pathogens. CD8 1 T cells produce IFN-g, TNF-a, and cytotoxic mediators such as perforin and granzyme in response to microbes, and thus they could play an important role in pathogen control or promotion of a proinflammatory environment. CD8
1 T cells are most commonly studied for their role in control of viral or intracellular bacterial infections such as Mycobacterium tuberculosis (5, 6) . Increasing evidence demonstrates, however, that CD8 1 T cells also play a role in the cellular immune response to extracellular bacteria, including S. pneumoniae. For example, mice lacking CD8, perforin, or IFN-g have increased bacterial dissemination, lung inflammation, and mortality after infection with S. pneumoniae (7) , and low CD8 1 T-cell counts are associated with increased risk of bacterial pneumonia (8) . Increased understanding of the role of CD8 1 T cells is critical to the continued development of therapeutics and vaccines for S. pneumoniae.
Mucosal-associated invariant T (MAIT) cells are a conserved subset of donor-unrestricted and predominantly CD8 1 T cells that are capable of releasing cytokines and other cytolytic factors immediately upon maturation and emigration from the thymus (9) . MAIT cells are highly prevalent in peripheral blood, with frequencies between 1 and 10% of circulating T cells, and they are also abundant in certain tissues, including the lung (10) (11) (12) (13) (14) . MAIT cells recognize small molecules derived from the riboflavin metabolic pathway presented by MR1, a nonpolymorphic major histocompatibility complex class I-like molecule (15, 16) . Many fungal and bacterial pathogens, including S. pneumoniae (17) , encode the enzymes required for biosynthesis of these small molecules. This suggests that S. pneumoniae produces ligands capable of activating MAIT cells; however, the ability of MAIT cells to recognize and respond to S. pneumoniae-infected cells has not yet been reported. In the present study, we tested a panel of clinical isolates of S. pneumoniae serotype 19A, which has emerged as one of the most prevalent causes of invasive pneumococcal disease (18, 19) , to determine their ability to activate MAIT cells. We demonstrate that MAIT cells are capable of recognizing and responding to S. pneumoniae-infected cells and that S. pneumoniae isolates recognized by MAIT cells were controlled in an in vitro killing assay. Together, our results suggest that MAIT cells may play a critical role in the control of invasive pneumococcal infections.
Methods

Bacteria and Cells
Clinical isolates of S. pneumoniae or S. pneumoniae serotype 3 URF918 strain were cultured as described in the data supplement. Monocyte-derived dendritic cells (DCs) were prepared as previously described (20) and as described in the data supplement. Primary normal human bronchial airway epithelial cells (AECs) were obtained from Lonza and cultured as recommended. The MR1-restricted MAIT cell clone D426 G11 (21) was expanded as previously described (22) .
Ethics Statement
This study was conducted according to the principles expressed in the Declaration of Helsinki. Study participants, protocols, and consent forms were approved by the Oregon Health & Science University Institutional Review Board (IRB00000186). Written informed consent was obtained from all participants. Healthy adults were recruited from among employees at Oregon Health & Science University as previously described (23) .
Mice
Va19iTgCa
2/2
MR1
1/1 mice were described previously (24) and were a gift of Dr. M. Brigl (Brigham and Women's Hospital, Boston, MA). All animal experiments were approved and performed according to the guidelines of the institutional animal care and use committee of the La Jolla Institute for Allergy and Immunology (San Diego, CA).
Enzyme-linked Immunospot Assay
Isolates of S. pneumoniae were added to DCs or AECs as described in the data supplement. Infected DCs were used as APCs in an IFN-g enzyme-linked immunospot (ELISPOT) assay as previously described (25) . For experiments with MR1 blocking, the 26.5 a-MR1 blocking antibody (a kind gift from Dr. Ted Hansen, Washington University, St. Louis, MO) was added to the ELISPOT assay.
ELISA
Supernatants were collected from infected DCs after overnight incubation and used directly (TNF-a) or frozen at 280 8 C (IL-12[p70], IL-6, IL-18) as described in the data supplement.
Colony-Forming Unit Assay
Colony-forming units were enumerated from infected DCs or AECs as described in the data supplement.
Generation of SP9DribD Mutant
The ribD gene was replaced with a chloramphenicol acetyltransferase cassette. The cat gene was amplified from vector pDC123 (a kind gift from Dr. Victor Nizet, University of California, San Diego) and inserted in between the upstream and downstream fragments of ribD by overlap extension PCR. The amplicon was cloned into pCR-Blunt vector (Invitrogen) and used to transform SP9.
RNA Isolation, cDNA Synthesis, and qRT-PCR RNA isolation, cDNA synthesis, and qRT-PCR were performed as described in the data supplement. Expression data were normalized to the gyrA gene, and relative expression levels were determine using comparative cycle threshold method (26) .
Mass Spectrometry Sample Preparation and Analysis
Lysates from S. pneumoniae isolates SP9 and SP37 were analyzed for known MAIT-cell ligands, riboflavin, and flavin mononucleotide (FMN) as described in the data supplement.
In Vitro Killing Assay
AECs (Lonza) were infected with SP9 or SP37, then cultured with D426 G11 (MAIT) or D466 A10 (HLA-B45) T-cell clones as described in the data supplement. Infected cells cultured overnight were then harvested, and serial dilutions were plated to determine colony-forming units.
Clinical Relevance
The mechanisms leading Streptococcus pneumoniae to become invasive are not fully understood. A recently described and prevalent subset of T cells known as mucosal-associated invariant T cells are believed to play an early role in response to bacterial infection. Differences in the ability of mucosal-associated invariant T cells to recognize various clinical isolates of S. pneumoniae may play a role in the ability of this pathogen to become invasive. (Table E1 ). The clinical isolates were characterized either as colonizers cultured from the nasopharynx or invasive strains cultured from otherwise sterile sites such as the blood or pleural fluid. Human monocytederived DCs were infected with each isolate at the same multiplicity of infection and tested by ELISPOT assay for their ability to induce IFN-g production by a previously described MAIT-cell clone, D426 G11 (21), which expresses the canonical MAIT-cell TCR. There was a wide range of IFN-g production by the MAIT-cell clone in response to DCs infected with the clinical isolates. Infection with one isolate, 08AR0009 ("SP9"), consistently resulted in the most robust production of IFN-g by the MAIT cells. As a result, we normalized the MAIT-cell responses to all other isolates to this isolate for comparison ( Figure 1A ). The MAIT-cell clone produced different amounts of IFN-g in response to DCs infected with 18 of the 35 isolates, and it did not produce IFN-g above background in response to other isolates. The difference in the ability of DCs infected with different clinical isolates to induce distinct MAIT-cell responses persisted over multiple rounds of in vitro bacterial passage, as demonstrated by the responses to DCs infected with SP9 and a representative isolate inducing a low response, 02AR0813 ("SP37"), from successive cultures ( Figure 1B) .
We next determined whether the response of the MAIT-cell clone to S. pneumoniae isolates inducing high or low MAIT-cell responses was completely MR1 dependent. First, we performed the ELISPOT assay in the context of blocking with an a-MR1 antibody. For isolates inducing both high (SP9) and low (SP37) MAIT-cell responses, the IFN-g response was completely blocked with the a-MR1 antibody ( Figure 1C ). Second, we examined whether infected DCs were making cytokines, including IL-12 and IL-18, that could activate MAIT cells in an antigen-independent manner (27) . Supernatants from DCs infected with a selection of S. pneumoniae isolates inducing distinct MAIT-cell responses were collected and analyzed for IL-12, IL-18, TNF-a, or IL-6 production after overnight infection. Whereas the DCs were capable of making IL-12, S. pneumoniae-infected DCs did not make more IL-12 than uninfected DCs ( Figure 1D ). Both TNF-a and IL-6 were produced by S. pneumoniae-infected DCs ( Figure 1D ). However, for all cytokines, there was no correlation between the production of cytokines by DCs infected with different isolates and the MAITcell responses. IL-18 was not detected above the limit of detection for any conditions (data not shown). Together, these data demonstrate that whereas MAIT cells are capable of MR1-dependent recognition and response to cells infected with S. pneumoniae, the clinical serotype 19A isolates were not equivalently recognized.
S. pneumoniae Isolates Are Phagocytosed and Killed by DCs Equivalently
The different MAIT-cell responses could be explained by variation in phagocytosis or killing by DCs. The structure of the S. pneumoniae polysaccharide capsule, which delineates distinct serotypes, can protect against phagocytosis (28, 29) . Although all of our isolates were of the same serotype (19A), we tested if phagocytosis was similar for different isolates. DCs were infected by an isolate inducing low (SP37) or high (SP9) MAIT-cell responses. After 5 minutes, infected DCs were extensively washed, and the number of intracellular bacteria was determined by plating and enumerating colony-forming units. At 5 minutes postinfection, enumeration of colony-forming units demonstrated that each of the isolates was phagocytosed by the DCs equivalently ( Figure 1E ). Because the infected DCs were plated in the ELISPOT assay with MAIT cells 1 hour after infection, we also enumerated colony-forming units at this time point, and we found that there were no viable bacteria remaining for either isolate at 1 hour postinfection ( Figure 1E ). These results demonstrate that differential MAIT-cell responses cannot be explained by different rates of phagocytosis or killing by DC.
Differences in Regulation of Genes for Riboflavin Metabolism and Transport
In addition to serotype, S. pneumoniae isolates can also be grouped on the basis of genetic background characterized through multilocus sequence typing (MLST) (30) . Further analysis of the variation in IFN-g production by MAIT cells revealed that responses to DCs infected with isolates with known MLST grouped together and were significantly different between MLST groups (Figure 2A) . These results suggested a correlation between MAIT-cell response and genetic background, possibly through differences in the production of MAIT-cell ligands. Known MAIT-cell ligands are produced during bacterial riboflavin metabolism and include a precursor of riboflavin, the small molecule 6,7-dimethyl-8-ribityllumazine (DMRL) (16) , which is downstream of 5-amino-6-ribityluracil (5-A-RU). In addition, 5-A-RU can combine with glyoxal or methylglyoxal from the host or bacterial cells to form 5-(2-oxoethylideneamino)-6-D-ribitylaminouracil (5-OE-RU) or 5-(2-oxopropylideneamino)-6-D-ribityluracil (5-OP-RU), two additional MAIT-cell ligands (15) . The enzymes responsible for riboflavin metabolism (RibD, RibE, RibBA, and RibH) are encoded on a single operon in the S. pneumoniae genome (31) . ribD encodes a pyrimidine deaminase/reductase that generates 5-A-RU, the precursor to DMRL, 5-OP-RU, and 5-OE-RU ( Figure 2B ). To determine whether S. pneumoniae MAIT-cell ligands require 5-A-RU, we generated a ribDknockout strain of SP9 (SP9DribD). DCs infected with SP9DribD were not able to activate MAIT cells ( Figure 2C ), demonstrating that MAIT-cell ligands from S. pneumoniae require RibD activity and the production of 5-A-RU. We therefore hypothesized that isolates which induce strong MAIT-cell responses would have higher expression of ribD than isolates that do not result in MAIT-cell activation. Using qRT-PCR, we quantified the expression of ribD in isolates from different MLST groups. As shown in Figure 2D , expression of ribD in S. pneumoniae isolates correlated with the observed MAIT-cell response in ELISPOT assays. These data indicate that S. pneumoniae isolates with higher expression of genes in the riboflavin metabolic pathway may be capable of expressing increased 5-A-RU and thus increased MAIT-cell ligands DMRL, 5-OP-RU, and 5-OE-RU.
To confirm that differences in expression of the ribD gene resulted in different amounts of MR1 ligands, we used mass spectrometry to quantify relative amounts of molecules in the riboflavin biosynthesis pathway in isolates of S. pneumoniae. SP9 and SP37 were grown to equivalent optical densities, and bacterial pellets were lysed and passed through a 3 kD size exclusion spin filter. The fraction less than 3 kD was analyzed by liquid chromatography-mass spectrometry. Although DCs incubated with the lysate fraction were able to activate MAIT cells ( Figure 2E ), demonstrating the presence of ligand(s), we were unable to detect DMRL, 5-OP-RU, or 5-OE-RU, likely owing to the labile nature of these ligands (15, 32) . Instead, we analyzed the relative amounts of riboflavin and the downstream molecule FMN. As shown in Figure 2E , the ion intensity of both riboflavin and FMN was significantly higher in SP9 than in SP37, suggesting that SP9 is synthesizing higher quantities of MAIT-cell ligands than SP37.
MAIT-Cell Activation by S. pneumoniae Is Modified by Altering Riboflavin Availability
We hypothesized that altering the amount of riboflavin available in the medium would result in changes to expression of genes in the riboflavin biosynthesis pathway and thus of MAIT-cell ligands. SP9 and SP37 were grown in optimal brain heart infusion (BHI) medium, BHI medium supplemented with excess riboflavin, minimal medium (M9), or M9 supplemented with excess riboflavin. qRT-PCR of ribD expression in each of the cultures revealed that addition of riboflavin to SP9 cultured in BHI medium or SP37 cultured in minimal essential medium resulted in downregulation of the ribD gene ( Figure 3A) . We next infected DCs with the isolates and determined whether the altered expression of the enzymes in the riboflavin metabolic pathway resulted in altered IFN-g production by the MAIT-cell clone.
As we previously observed, cells infected with SP9 grown in BHI medium elicited higher MAIT-cell responses than DCs infected with SP37 grown in the same medium ( Figure 3B ). When DCs infected with SP9 grown in BHI medium supplemented with excess riboflavin were used in the ELISPOT assay, the response by the MAIT-cell clone was decreased to 41% of the control using bacteria grown in BHI medium without riboflavin. In contrast, when DCs infected with SP37 grown in minimal M9 medium, which does not contain riboflavin, were used in the ELISPOT assay, there was a 10-fold increase in response by the MAIT-cell clone ( Figure 3B ). This increase was sufficient to bring the response to DCs infected with M9-grown SP37 up to the level of DCs infected with BHI medium-grown SP9. Figure 4A ), as expected on the basis of previous literature (36) . When infected with a multiplicity of infection of 5:1 for 4 hours, there was an average of one bacterium per cell, ranging from 0 to 8 per cell ( Figure 4A ). Although DCs exhibited the ability to kill all bacteria within 1 hour, we observed that S. pneumoniae isolates survived for at least 4 hours after infection of AECs ( Figure 4B ). We then tested the ability of MAIT cells to produce IFN-g in response to AECs infected with SP9 or SP37.
MAIT cells responded to AECs infected with SP9 ( Figure 4C) . Similar to what we observed for DCs, the MAIT cells responded poorly to SP37 ( Figure 4C ). We hypothesized that MAIT cells would be capable of controlling S. pneumoniae in AECs exposed to this microbe. Because there was a distinct difference in the IFN-g response by the MAIT cells to cells infected with different isolates, we further hypothesized that there would be a difference in the ability of MAIT cells to control SP9 and SP37. To test this, we added MAIT cells or an irrelevant T-cell clone overnight to AECs that were infected with SP9 or SP37. In cultures with no T cells or in the context of the irrelevant HLA-B45-restricted T-cell clone D466 A10, there was no effect on the survival of S. pneumoniae. However, the MAIT cells were able to control SP9 growth with increasing efficiency at higher MAITcell/AEC ratios. In contrast, the addition of MAIT cells had no impact on the survival of SP37 ( Figure 4D ). These in vitro data suggest that the ability of MAIT cells to recognize infection with different clinical isolates could play a critical role in controlling infection.
Cytokine Production by Lung MAIT Cells in S. pneumoniae-infected Mice
The in vitro MAIT-cell killing assay suggested that MAIT cells are capable of controlling S. pneumoniae and that this control is dependent on MR1-dependent recognition of the infection. To determine whether these differences are observed in vivo, we analyzed cytokine production by MAIT cells after intrapharyngeal infection in mice. The infection was induced in Va19-transgenic mice on the Ca-deficient background to increase the number of tetramer-positive cells in the lungs ( Figure 5A ). S. pneumoniae serotype 19A has been described to be avirulent in mice (37, 38) , and in agreement with this, there were no detectable SP9 or SP37 colony-forming units in the lungs of mice infected 2 days earlier. This was in contrast to the outcome after infection with a virulent serotype 3 control S. pneumoniae strain, URF918 (data not shown). Although the mice were able to completely control the growth of either SP9 and SP37, lung MAIT cells isolated from mice infected with SP9 produced more IL-17 and IFN-g when analyzed directly ex vivo compared with those from mice infected with SP37 ( Figures  5B and 5C ). MAIT cells from mice infected with the virulent URF918 strain also produced both IL-17 and IFN-g ( Figure 5D ). These data are in agreement with our in vitro results using human cells, and they suggest that the ability of MAIT cells to respond to S. pneumoniae in vivo is sensitive to quantitative differences in the clinical isolates to synthesize antigen.
Discussion
MAIT cells are a high-frequency, innatelike, lung-resident CD8 1 T-cell subset in humans that is capable of responding to a broad group of bacterial and fungal pathogens. This finding has led to numerous efforts to demonstrate the importance of MAIT cells in response to human pathogens, including M. tuberculosis (12, 39) , Klebsiella pneumoniae (40), Francisella tularensis (41), and Helicobacter pylori (42) . The prevailing view is that infection with bacterial or fungal organisms that are capable of riboflavin biosynthesis results in antigendependent activation of MAIT cells. This was first observed in seminal studies in which researchers reported MAIT-cell responses to panels of bacterial, fungal, and viral species (12, 39) . These studies included group A Streptococcus species, which do not encode riboflavin metabolic enzymes and did not elicit MAIT-cell responses (39), but they did not include group B Streptococcus species, which do encode riboflavin metabolic enzymes. To our knowledge, the present study is the first to demonstrate that MAIT cells are capable of responding to cells infected with S. pneumoniae. However, in our analysis of MAIT-cell responses to a panel of clinical isolates of S. pneumoniae that are of the same serotype, we also demonstrated that clinical isolates produce very different amounts of the riboflavin metabolites. These data may help to explain why only some isolates of S. pneumoniae are invasive, and they could have implications for the design of therapeutics or vaccines that target MAITcell activity.
There are multiple explanations for the diminished expression of riboflavin metabolic enzymes and concentrations of riboflavin metabolites in clinical isolates of S. pneumoniae with the same serotype. Isolates with low levels of riboflavin metabolism may be natural auxotrophs unable to synthesize their own riboflavin; they may have more efficient transport mechanisms for obtaining riboflavin from the environment; or they may have different metabolic needs for riboflavin and the downstream molecule FMN. Riboflavin biosynthesis is believed to be regulated through the FMN riboswitch, where FMN represses expression of genes in the riboflavin biosynthesis operon (43) . Because riboflavin is converted to FMN, the availability of riboflavin, whether synthesized de novo or obtained from the environment, plays a role in the regulation of expression of the riboflavin biosynthesis operon. Our data suggest that the clinical isolate SP37 is not an auxotroph, because it is capable of expression of enzymes and metabolites in the riboflavin biosynthesis pathway in conditions of riboflavin starvation. In contrast, our data support a hypothesis proposing that clinical isolates of S. pneumoniae have different abilities to obtain environmental riboflavin through transporters or have different metabolic needs for riboflavin. The S. pneumoniae genome encodes at least one riboflavin transporter, RibU. Although expression of ribU was not higher in the SP37 isolate than in SP9, we did find that ribU expression was higher in SP2, SP11, and SP11 (data not shown), other clinical isolates in which infected DCs did not elicit as high a MAITcell response as SP9.
These data suggest that some clinical isolates of S. pneumoniae may have more efficient transport of environmental riboflavin. We observed downregulation of ribD expression and decreased presence of riboflavin metabolites, as measured by MAIT-cell immune responses, when either SP37 or SP9 was grown with excess riboflavin. Interestingly, regulation of riboflavin metabolism by the SP9 isolate was less sensitive to changes in environmental riboflavin than that by SP37. These data further suggest that riboflavin metabolism in S. pneumoniae clinical isolates is regulated in response to the environmental availability of riboflavin. Together, our data demonstrate that clinical isolates have different requirements for riboflavin, reflected by expression of both riboflavin biosynthesis and transport genes. Furthermore, among isolates, different factors can be responsible for regulation of riboflavin metabolism. In mice, our data suggest that riboflavin availability in vivo is similar to what was observed in vitro. It is not known, however, how this relates to the availability of riboflavin in the human lung environment, which is likely to be influenced by diet. Further study is required to determine the regulation of de novo riboflavin biosynthesis by S. pneumoniae in vivo and the impact that this has on MAIT-cell recognition and invasiveness of the pathogen.
In our present study, we focused on MAIT-cell responses to infected DCs, a professional antigen-presenting and phagocytic cell type, or to infected primary large airway epithelial cells. We demonstrated that DCs are highly efficient at controlling the bacteria, killing all intracellular bacteria within 1 hour after infection. In contrast to DC phagocytosis, S. pneumoniae adhered to the surface of epithelial cells ( [44] and Figure 4A ) and was not controlled by these cells. CD8
1 T cells are typically believed to be important for recognition of viral or intracellular bacterial infections. Our data, however, demonstrate that MAIT cells are capable of recognizing infection of AECs with S. pneumoniae, an extracellular pathogen. MAIT-cell small-molecule ligands are distinct from other CD8 1 T-cell peptide or lipid ligands in that they are small, soluble, and often secreted, providing a mechanism for interaction with MR1 antigen-presenting molecules even without intracellular infection. These properties may provide a unique role for MAIT cells as lung-resident sentinels capable of early recognition and response to extracellular infection in the large airways. Further study is required to determine whether lung MAIT cells are also activated in the context of S. pneumoniae infection through antigen-independent mechanisms.
Rapid MAIT-cell recognition and response to S. pneumoniae and subsequent production of antimicrobial factors could result in early control of the bacterium in the airway epithelium, before the initiation of adaptive immune responses. MAIT-cell responses to S. pneumoniae may also provide an early source of cytokines and/or chemokines that recruit additional immune cells such as inflammatory monocytes or neutrophils. Further study is required to determine the mechanisms by which MAIT cells can control the growth of an extracellular pathogen such as S. pneumoniae. n Pooled data from two independent experiments including SP serotype 3 URF918. Statistical significance was determined using an unpaired t test. 6FP = 6-formylpterin; ns = not significant.
